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Human papillomaviruses (HPVs) are small, double-stranded DNA viruses that infect cutaneous and mucosal epithelial tissues of the anogenital tract, the hands, or the feet. A subset of HPV types are the causative agents of cervical cancer, since 99% of tumors are positive for HPV DNA (150). To date, over 100 different viral types have been identified, and about onethird of these infect epithelial cells in the genital tract. The viral types that infect the genital tract fall into two categories: high risk and low risk. The high-risk types are associated with the development of anogenital cancers including those of the cervix, while infections by the low-risk HPVs induce only benign genital warts. The high-risk types include HPV-16, HPV-18, HPV-31, HPV-33, and HPV-45, while the low-risk types are HPV-6 and HPV-11. HPVs that infect the genital tract are sexually transmitted, and it is estimated that about two-thirds of individuals who have sexual relations with an infected partner will themselves become infected. However, the majority of infections are subclinical (137) . Infection by high-risk HPVs is not limited to the genital tract, since approximately 20% of cancers of the oropharynx contain DNA from these HPV types (61) .
Infection of the genital tract by HPVs can initially result in low-grade lesions termed dysplasias or cervical intraepithelial neoplasia grade I. These lesions exhibit only mildly altered patterns of differentiation, and many of them are cleared by the immune system in less than a year (62, 71) . The mechanisms by which the cellular immune response clears HPV infections are still not clearly understood. Some of these lesions, however, are not cleared by the immune system and can persist for periods as long as several decades. Persistence of infection by high-risk HPV types is the greatest risk factor for development of genital malignancies such as squamous cell carcinoma or, less commonly, adenocarcinoma of the cervix (161) . Cervical cancer is the second most prevalent cancer worldwide and is the fifth leading cause of cancer deaths in women (120, 124) . Approximately 470,000 new cases of cervical cancer are diagnosed yearly, with the mean age for the development of malignancy being 52 years (8, 124) . Risk factors for tumor development include persistent infection with high-risk viral types, a large number of lifetime sexual partners, coinfection with human immunodeficiency virus, immunosuppression, and cigarette smoking (81) . Most cases of cervical cancer are found outside of the United States and Western Europe. In the United States, the number of cases of cervical cancer has declined by over 80% in the last 50 years due to the implementation of the Pap smear as a diagnostic (137) . While the number of cases has significantly decreased, approximately 10,000 women are diagnosed with cervical cancer and 5,000 die of this disease annually (120) .
HUMAN PAPILLOMAVIRUS LIFE CYCLE
HPVs are nonenveloped viruses with icosahedral capsids that replicate their genomes within the nuclei of infected host cells. The double-stranded, circular DNA genomes of all HPVs are approximately 8 kb in size. In virions, the HPV DNA is found associated with cellular histones to form chromatin-like complexes (63) . The viral genomes carry on average eight major open reading frames (ORFs), and these are expressed from polycistronic mRNAs transcribed from a single DNA strand (Fig. 1 ). In the high-risk HPV types, transcripts are initiated at two major viral promoters, one of which initiates upstream of the E6 open reading frame, encodes early viral proteins, and is expressed prior to productive replication. In HPV-16 and HPV-31 this promoter is referred to as p97, while in HPV-18 it is referred to as p105. Coincident with the induction of productive replication, the late promoter is activated, which directs expression from a series of heterogeneous start sites clustered around nucleotide 742 (p742) in HPV-31 (68) . Similar promoters have been identified in HPV-16 and HPV-18 (46, 53) . Several additional minor promoters have been identified that also play important roles during the viral life cycle (117) .
The life cycle of HPV is linked to the differentiation program of the infected host cell, the keratinocyte, with production of mature virion particles restricted to differentiated suprabasal cells. Infection by papillomaviruses is thought to occur through microwounds of the epithelium that expose cells in the basal layer to viral entry. The receptor for entry of the virus into cells is currently unknown; however, heparin sulfate mediates the initial attachment of virions to cells (Fig. 2) (76) . Cells in the basal layer consist of stem cells and transit-amplifying cells that are continuously dividing and provide a reservoir of cells for the suprabasal regions (68) . HPV infection of these cells leads to the activation of a cascade of viral gene expression that results in the production of approximately 20 to 100 extrachromosomal copies of viral DNA per cell. This average copy number is stably maintained in undifferentiated basal cells throughout the course of the infection. Among the first viral proteins to be expressed are the replication factors, E1 and E2. These proteins form a complex that binds to sequences at the viral origin of replication and acts to recruit cellular polymerases and accessory proteins to mediate replication (18, 44, 107) . The E1 protein also exhibits helicase activity, allowing for the separation of viral DNA strands ahead of the replication complex (65) . E2 is a site-specific DNA binding protein that helps to recruit E1 to the origin but also plays a role in regulating viral transcription from the early promoter (21) . Binding sites for E2 are located adjacent to sites for cellular transcription factors that activate the early promoter (142) . At low levels, E2 binds its recognition sequences and activates the early promoter, while at high concentrations, it represses by blocking the binding of cellular transcription factors (139) . Since the E1 and E2 replication factors are also expressed from the early promoter, the ability of E2 to activate and repress expression contributes to the control of viral copy number in undifferentiated cells.
The E6 and E7 proteins of the high-risk HPV types act as viral oncoproteins, but no such functions are associated with the corresponding proteins from the low-risk types. High-risk E6 binds the p53 tumor suppressor protein as part of a trimeric complex with the cellular ubiquitin ligase, E6AP, leading to the rapid turnover of p53 (131, 155) . E7 binds to the retinoblastoma (Rb) family of tumor suppressors, as well as other proteins involved in cell cycle regulation (37, 110) . As HPV infected basal cells divide, viral genomes are partitioned into daughter cells, one of which detaches from the basal layer, migrates toward the stratum granulosum, and undergoes differentiation (Fig. 2) . In normal uninfected epithelia, cells exit the cell cycle as they leave the basal layer, and this often results in the loss of nuclei in suprabasal cells. As infected cells leave the basal layer, they remain active in the cell cycle due to action of the E7 protein (15) . Cells reenter the S phase in highly differentiated cells and activate the expression of cellular replication factors required for viral replication. The presence of E7 leads to a characteristic retention of nuclei throughout all layers of infected epithelia. Not only are the viral oncoproteins necessary for cell immortalization and retention of cell cycle capability on differentiation, but E6 and E7 have also been shown to be necessary for the maintenance of extrachromo- somal forms of HPV in undifferentiated basal cells (145) . The mechanism by which this occurs is not clear, although it probably likely involves abrogation of checkpoints that block the long-term retention of the extrachromosomal DNAs. The functions of the E4 and E5 proteins are not yet fully understood; however, they both have been proposed to be involved in regulation of late viral functions (40) . The L1 and L2 proteins are assembled late and spontaneously form icosahedral capsids. Following virion assembly, mature viruses are released from the uppermost layers of the epithelium (Fig. 2) (68) . It is still not clear how the differentiation program of the host cell is able to activate the productive life cycle of HPV. The most likely mechanism centers on the activation of expression of the late viral promoter, resulting in high-level expression of transcripts encoding the viral replication proteins, E1 and E2, along with the late genes. Unlike the early promoter, the late promoter is not negatively regulated by E2 protein, and high levels of expression occur upon differentiation, leading to amplification of viral DNA (139) . This increase in template numbers results in a further increase in expression of the replication proteins. It is possible that cellular or other viral factors are upregulated on differentiation and that these factors contribute to activation of late functions, but the identification of these proteins is only beginning. In low-grade infections, the high-risk HPV genomes are present as episomes, while during progression to high-grade lesions or carcinomas, the genome often is found integrated into host sequences. This integration usually occurs within the E2 ORF and results in loss of E2 repressive action leading to higher levels of E6 and E7 expression (2, 4, 5, 72, 133, 134) . In the following sections, we describe in detail the present state of knowledge about how the viral factors act during the productive life cycle as well as during progression to malignancy.
REGULATION OF HUMAN PAPILLOMAVIRUS GENE EXPRESSION IN DIFFERENTIATING EPITHELIA
Two major promoters direct the expression of HPV ORFs during the early and late phases of the viral life cycle. Most HPV mRNAs are polycistronic, and many carry three or more ORFs. Expression of various early genes is regulated, in part, by alternative splicing mechanisms. Translation of viral proteins is thought to occur through a leaky scanning mechanism rather than through the use of IRIS elements and provides an additional level of regulation. The major early promoter of high-risk HPVs directs transcription at sites upstream of the E6 ORF. The transcription factors that regulate the early promoter bind to sites located within a region upstream of E6 of about 1 kb that has been called either the long control region or the upstream regulator region (URR). In this review, we use the designation URR. Examination of URR regions of different HPV types has identified a number of binding sites shared among all types as well as some that are unique. Common binding sites include those for TFIID binding to canonical TATA boxes located approximately 30 bp upstream from the early start sites. Upstream of these sequences are Sp-1 and AP-1 binding sites, and these are found in all HPV types studied (27) . Additional factor binding sites shared among many HPV types include those for NF-1, TEF-1, TEF-2, Oct-1, AP-2, KRF-1, and YY1, as well as glucocorticoid responsive elements (11, 12, 49, 70, 88, 115) . Keratinocyte-specific enhancers have been identified in the URR regions, and these elements contribute to the tissue tropism of HPVs. It has been hypothesized that it is the combination of ubiquitous factors working in concert that determines the cell-type-specific expression (12) .
Late viral transcription is activated on epithelial differentiation from start sites located within the E7 ORFs of the genital HPV types. The tight linkage of viral late-gene expression and epithelial differentiation suggests that differentiation-specific cellular factors control this process. Little information is available about the identity of these factors, but it has been shown that a rearrangement of chromatin occurs around the late promoter region on epithelial differentiation (27) . With the availability of methods for genetic analysis of HPV functions during the viral life cycle, a detailed examination of the factors involved in differentiation-dependent activation of the late promoter is now possible.
FUNCTIONS OF THE E6 ONCOPROTEIN
The E6 proteins of both high-and low-risk types are approximately 150 amino acids in size and contain two zinc binding domains with the motif Cys-X-X-Cys. The high-risk E6 proteins are distributed to both the nucleus and the cytoplasm and have been reported to bind to over 12 different proteins (162) . Expression of high-risk E6 alone leads to the transformation of NIH 3T3 cells as well as the immortalization of human mammary epithelial cells (79, 96) . In contrast, efficient immortalization of human keratinocytes requires the expression of both E6 and E7 (58) . Many of the first insights into the action of E6 have come by studying its interactions with p53. p53 is a wellcharacterized tumor suppressor that regulates the expression of proteins involved in cell cycle control, including the cyclin kinase inhibitor, p21 (84) . On exposure to DNA damage, p53 becomes activated and induces high-level expression of p21, resulting in cell cycle arrest as well as apoptosis (84) . One way in which infected cells act to prevent the spread of viruses to neighboring cells is through the activation of apoptotic pathways. Many viruses have evolved mechanisms to block the induction of apoptosis, but this can, in some cases, allow for the development of malignancies. To overcome the proapoptotic activities of p53 and allow for cell cycle progression, E6 binds to p53 in a ternary complex with a ubiquitin ligase called E6AP (66) . Formation of this complex results in the ubiquitination of p53 and subsequent degradation by the 26S proteasome, leading to a reduction in the half-life of p53 from several hours to less than 20 min in keratinocytes (64, 67) . E6 can also indirectly downregulate p53 activity through its association with p300/CBP, which is a coactivator of p53 (91, 160) . Since p53 regulates both the G 1 /S and G 2 /M checkpoints of the cell cycle, its rapid turnover results in abrogation of these controls, leading to chromosomal duplications and centrosomal abnormalities (42, 78, 147 ). An alternate form of E6, called E6*, is generated as a result of splicing and has been shown to interact with both E6 and E6AP (123, 130) . E6* may function by inhibiting the degradation of p53, but immortalization is mediated only by the full-length E6 protein (6) .
Interestingly, the binding of E6 to E6AP also results in the self-mediated ubiquitination of E6AP (77) . This raises the possibility that E6 may regulate the levels of the natural cellular substrates of E6AP though degradation of E6AP. Some of the proteins targeted for degradation by E6AP include members of the Src family of tyrsosine kinases which interact with a variety of signaling networks (43) . While it has not been shown whether E6 can directly regulate Src family kinases through E6AP, this represents an interesting area for future study.
Recent studies have identified p53-independent activities of E6 that are important for immortalization of human cells. E6 mutants of HPV-16 have been identified that are unable to degrade p53 but retain the ability to immortalize mammary epithelial cells Similarly, other E6 mutants retain the ability to degrade p53 but have lost the ability to immortalize (79, 96) . These data suggest that interactions with proteins other than p53 may be essential for immortalization of cells. One such important interaction appears to be that of E6 with the PDZ family of proteins. PDZ proteins contain a conserved domain that associates with the PSD-95, Dlg, and ZO-1 proteins (hence the name PDZ). The PDZ domain is often found in proteins localized at areas of cell-cell contact, such as tight junctions in epithelial cells. The PDZ proteins probably act as molecular scaffolds to aid in signal transduction (20, 50) . The binding of PDZ family members MUPP-1, hDLG, and hSCRIB to the extreme C terminus of high-risk E6 proteins results in the degradation of the PDZ protein (80, 92, 93, 111) . The importance of this interaction has been confirmed in experiments with transgenic mice expressing E6 proteins that lack the PDZ binding domain. These mice retain the ability to inactivate p53 but do not develop the epidermal hyperplasias that are frequently seen in wild-type E6 transgenics (114). It is not clear which signaling pathways are impacted by E6 binding to PDZ proteins or which PDZ family members are most important for these phenotypes. The elucidation of these pathways is of great importance for our understanding of HPV pathogenesis.
Another major function of the high-risk E6 proteins that is important for immortalization is their ability to activate the expression of the catalytic subunit of telomerase, hTERT (82, 106, 112) . Telomerase is a four-subunit enzyme that adds hexamer repeats to the telomeric ends of chromosomes. Telomerase activity is usually restricted to embryonic cells and is absent in somatic cells. The lack of telomerase activity results in a shortening of telomeres, with successive cell divisions eventually leading to senescence (94) . In contrast, in most cancers, reactivation of hTERT expression occurs and leads to reconsitution of telomerase activity (94) . E6 appears to activate hTERT transcription through the combined action of Myc and Sp-1 (54, 89, 116, 152, 156) . Recent studies have shown that E6 can bind to bind both Myc and its cofactor Max, leading to transcriptional activation of the hTERT promoter (149) . Analysis of E6 mutants that discriminate between the ability to degrade p53 and to activate hTERT demonstrated that the latter activity is most important for immortalization. However, immortalization of human foreskin keratinocytes (HFKs) also requires inactivation of the Rb pathway through either mutation of cellular genes or the presence of E7 (41, 79, 109) . It appears that p53 degradation is most important for full transformation and that binding of PDZ proteins and activation of hTERT expression are necessary for immortalization.
The high-risk E6 proteins interact with a number of other cellular proteins, such as paxillin, p300/CBP, the putative calcium binding protein E6-BP, and the interferon regulatory factor IRF-3 (121, 128, 160) . While most of these interactions are specific for the high-risk forms of E6, several reports have documented cellular binding partners for low-risk E6 proteins, such as zyxin, GPS2, Bak, and McM7 (25, 26, 86, 87, 146) . It has also been reported that both high-and low-risk E6 proteins can bind to p73, but this has not been seen by other investigators (99, 119) . The physiological relevance of each of the interactions described above is not yet fully understood and will probably require an analysis of their roles in the productive life cycle.
Clearly, the primary role of E6 in the productive viral life cycle is not in inducing transformation or immortalization but is more likely to involve facilitation of some aspect of viral replication. Using a genetic system involving transfection of cloned HPV genomes into keratinocytes, it has been demonstrated that expression of functional E6 is required to maintain HPV-31 and HPV-11 genomes as stably replicating episomes (116a, 145) . This may reflect a shared requirement for abrogation of the mechanisms that prevent the maintainance of extrachromosomal DNAs. Further elucidation of the roles of these proteins in the viral life cycle remains an active area for future studies.
THE E7 PROTEINS INTERACT WITH THE RETINOBLASTOMA PROTEINS AND HISTONE DEACETYLASES
The second HPV oncoprotein that is important for both immortalization and viral pathogenesis is E7. E7 proteins of both high-and low-risk types are found predominantly in the nucleus and are approximately 100 amino acids in size. Expression of E7 by itself is able to transform immortalized NIH 3T3 mouse cells and, at a low frequency, to immortalize the natural host cell, human keratinocytes (109, 126) . However, the efficient immortalization of human keratinocytes requires the action of both the high-risk E6 and E7 proteins (109) . Transgenic mice expressing E7 alone develop both low-grade lesions and high-grade cervical dysplasias that can progress to malignancy, while E6 transgenic mice develop only low-grade hyperproliferative lesions (126) . Central to the action of the E7 proteins is their ability to associate with the Rb family of proteins (37) . The binding of Rb is mediated through one of three conserved regions present in all high risk E7 proteins: CR1 at the N terminus; CR2, which contains an LXCXE motif that binds the Rb protein; and CR3, which contains two zinc finger-like motifs. The CR1 and CR2 domains of E7 have sequence homology to the adenoviral E1A CR1 and CR2 domains that also bind to Rb proteins (122) .
The Rb family of "pocket" proteins includes Rb, p107, and p130, and these proteins are differentially expressed throughout the cell cycle (7, 17, 37) . While Rb is constitutively expressed throughout all phases of the cell cycle, p107 is synthesized predominantly during the S phase and p130 predominates at G 0 (17) . In the subsequent discussion, we refer simply to Rb rather than Rb family members, but the actions described are usually equally applicable to all three. However, when the occasion arises, we state where significant differences VOL. 68, 2004 HPV PATHOGENESIS IN DIFFERENTIATING EPITHELIA 365 exist. The unphosphorylated forms of Rb form complexes with the E2F/DP1 transcription factors that are bound to the promoters of genes involved in S-phase progression or apoptosis, and this results in repression of transcription (38, 153) . On progression from G 1 into the S phase, cyclin-kinase complexes phosphorylate Rb, resulting in release of Rb from E2F transcription factor complexes and transcription of genes involved in DNA synthesis (Fig. 3) . The binding of E7 sequesters Rb away from E2F/DP1 complexes, resulting in the constitutive activation of the corresponding genes (38, 153) . In addition to binding Rb, E7 mediates its degradation through the ubiquitin proteosome pathway (7, 38, 73, 151) . Furthermore, Rb family members are major regulators of the cell cycle exit that occurs during epithelial differentiation. The abrogation of Rb function by E7 thus allows for productive replication in differentiated suprabasal cells (13) . Binding of E7 to Rb has recently been shown to be important for the maintenance of episomal copies of HPV31 in undifferentiated cells (96a). Although the mechanism by which this occurs is unclear, it is probably related to abrogation of cellular checkpoints that block the maintenance of extrachromosomal DNAs. The binding of Rb family members to E7 is not restricted to high-risk HPV types, since low-risk E7 proteins also associate with Rb, although this occurs at a much reduced affinity. Both high-and low-risk E7 proteins contain similar but not identical amino acids in the CR2 domain that mediates binding to Rb (16) . A single amino acid change in the Rb binding site of low-risk viral E7 proteins can result in higher binding affinity to E7 and acquisition of the ability to transform rodent cells (59, 132) . However, the E7 protein of HPV-1, a viral type associated with plantar warts, binds Rb family members with high affinity but is still not able to activate E2F-inducible genes or transform rodent cells. In addition, HPV-1 E7 is unable to degrade the Rb protein, and this may contribute to its inability to activate E2F regulated genes. This suggests that while Rb binding by E7 is very important, other factors also contribute to the role of E7 in transformation and immortalization (16, 132) .
In addition to binding to Rb family members, E7 proteins associate with cyclins A and E as well as cyclin-dependent kinase (cdk) inhibitors p21 and p27 (23, 48, 75, 129, 148, 159) . Since the cyclins and the associated kinases drive cell cycle progression by phosphorylating the Rb protein, it is not surprising that the E7 protein would act to enhance the activity of these proteins. High-risk E7 proteins bind cyclinA-cdk2 complexes directly, and HPV-18 E7 also binds cyclin E indirectly through p107 (104) . In both cases, binding to E7 retains cdk2-associated kinase activity (104, 129) . The high-risk E7 proteins also act to increase the levels of the cyclin A and E proteins, while low-risk E7 proteins have no such effect (101) . Two cdk inhibitors, p27 and p21, have also been shown to bind to E7, presumably blocking their action and thus further enhancing the activities of the cdks (48, 75, 159) .
The third group of proteins bound to high-risk E7 are the histone deacetylases (HDACs). The repression of E2F-inducible promoters is mediated not only through the binding of Rb but also by the action of HDACs (Fig. 3) (9, 153) . In HPVnegative cells, Rb binds to HDACs and recruits them to E2F-inducible promoters. Recently, E7 proteins were shown to bind HDACs independently of their binding to Rb, and this association is important for the role of E7 in immortalization as well as episomal maintenance (96a). HDACs are expressed in all tissues and act to remove acetyl groups from the lysine-rich amino-terminal tails of the histone proteins that make up the nucleosome. In addition, HDACs can directly deacetylate E2F factors, resulting in loss of their function (100) . Three classes of HDACs have been identified to date, but only the members of classes I and II have been extensively studied. The class I HDACs includes human HDACs 1, 2, 3, and 8, and these proteins are localized exclusively to the nucleus (100). Class I HDACS are active only when bound to cofactor proteins that modulate their activity or direct them to the site to be deacety- proteins probably bind to HDACs 1 and 2 through Mi2␤, which binds directly to E7 (10) . The amino acids that mediate the binding of E7 to HDACS 1 and 2 include the cysteine motifs at the C terminus as well as amino acid 67. Both HPV-16 and HPV-31 E7 displace HDACs from Rb and bind these proteins independently of Rb (9). As described above, mutation of the HDAC binding domain in HPV-31 E7 in the context of the complete viral genome results in an inability to stably maintain viral episomes as well as a failure to extend the life span of transfected cells. It is not obvious why HDAC binding to E7 would be necessary for maintenance of the viral genome, but several possibilities exist. First, since the binding of E7 to HDACs displaces them from bound Rb, this may act to unmask some important activity of Rb. A second possibility is that binding of HDACs to E7 blocks the ability to deacetylate the E2F transcription factors leading to relocalization of these factors outside the nucleus. p130 complexes, containing E2F4 and E2F5, with HDACs are the most prominent complexes found on promoters of quiescent or differentiating cells. It has been proposed that the removal of HDAC activity from the promoters allows for acetylation and subsequent promoter activation (69) . In transient-transfection assays, E7 has been shown to transactivate the cdc25A phosphatase promoter through E2F binding sites in the promoter, and this activity is dependent on both the binding Rb and HDACs (113) . cdc25A is important for dephosphorylation and activation of cdks and is required for cell cycle progression (74) . This may be another important cellular target of E7 that is necessary for its role in viral pathogenesis. Finally, E7 silences genes via HDAC recruitment, as in the case of the interferon regulatory factor 1 (IRF-1) gene, whose expression is important for interferon signaling and immune surveillance of persisting HPV infections (118) .
The C-terminal regions of both high-and low-risk E7 proteins contain conserved Cys-X-X-Cys motifs that resemble zinc finger-like domains. Since most zinc fingers are involved in binding to DNA or even RNA, this region of E7 should not strictly be referred to as such since E7 has never been shown to directly bind DNA. Mutation of one or both of the cysteines in one of the Cys-X-X-Cys motifs results in the loss of the ability to immortalize HFKs as well as to transform rodent cells (73) . Recent studies have shown that the stability of the E7 protein is dramatically decreased when these cysteines are mutated, indicating an important role in maintaining the structural integrity of E7 (96a). This is consistent with evidence that the zinc finger-like motifs facilitate the binding of zinc ions and the formation of multimers of E7 (103) .
One of the intriguing properties of the high-risk E7 proteins is their ability to induce genomic instability. Many HPV-positive cancers contain consistent patterns of aneuploidy, suggesting that changes in chromosome number are important events in progression (57, 138) . Expression of E7 alone was shown to be sufficient to induce an increase in abnormal centrosome numbers in primary human keratinocytes (35) . Centrosomes are major microtubule-organizing centers and coordinate segregation of chromosomes into daughter cells during cell division. Interestingly, E7 mutants that do not bind or degrade Rb but do associate with p107 retain the ability to induce centrosomal abnormalities (36) . Centrosomal abnormalities were also seen in cells devoid of Rb and p53 as well as in Rb, p130, and p107 knockout mouse embryo fibroblasts. It is possible that the binding of a combination of Rb family members or other factors is required to mediate the appearance of centrosomal abnormalities (36) . Significant advances have been made in understanding the role of high-risk E7 proteins in the development of anogenital malignancies, but more studies are required to understand the role of this protein in the productive phase of the viral life cycle.
E1 AND E2 REPLICATION PROTEINS
The most highly conserved of all papillomavirus ORFs are those encoding the E1 protein. E1 proteins are approximately 68 kDa in size and are expressed at low levels in HPV-positive cells. E1 proteins function in origin recognition and exhibit both ATPase and 3Ј-5Ј helicase activities (65, 136, 157) . They recognize AT-rich sequences at the origins of HPV replication, which are located proximal to the start sites of early transcription (44, 45, 108) . By itself, E1 weakly binds origin sequences, but this binding is facilitated by complex formation with E2 proteins (31, 44, 97, 143) . E2 binding sites are located adjacent to E1 recognition sequences, and E2 acts to load E1 onto the origin. Once bound, E1 proteins form hexamers that have a high affinity for DNA (135) . As with other helicases, the viral DNA passes through the center of the E1 hexameric ring (95) . These E1 complexes efficiently unwind supercoiled DNA with the help of chaperone proteins. E1 proteins also bind DNA polymerase ␣ and help to recruit cellular replication complexes to the viral origin of replication (1, 18, 102) . Chromatin-remodeling complexes may also be recruited by E1 so as to modulate nucleosome positioning and allow for efficient procession of the replication fork (144) . The crystal structure of the DNA binding domain of E1 has identified an extended loop and ␣-helix that are important for recognizing DNA (39) . One intriguing interaction is that of E1 with cyclins A and E, and this may act to regulate E1 activity. Four cyclin kinase phosphorylation sites are present in E1 proteins, and mutation of these sites drastically reduces the replication activity of E1 (98) . It is still not clear how E1 activity is regulated in differentiating cells, but studies with HPV-31 have shown that expression of E1 transcripts shifts from the early to late promoters, resulting in increased E1 expression (29) . A shift in the absolute levels of E1 or the ratios of E1 to E2 is thought to result in high-level replication upon differentiation.
The E2 protein is required for both the replication of viral DNA and transcriptional regulation (90) . E2 proteins are approximately 50 kDa in size and function as dimers. The C terminus encodes a DNA binding domain that has been crystallized and shown to consist of a dimeric ␤-barrel structure that bends DNA (60) . The N terminus contains a transactivation domain, while the C terminus interacts with E1 (14) . The N terminus has also been crystallized and consists of a glutamine-rich ␣-helix packed against a ␤-sheet framework (3, 56) . E2 dimers bind to consensus palindromic sequences (AC CN6GGT) called E2 binding (E2BSs) (90) . There are four E2BSs present in the URR, and three of these flank the E1 recognition sequences in the origin of replication (63) . On infection, early-gene transcription is activated primarily by cel- (28, 33) . This regulation of viral expression contributes to copy number control in undifferentiated cells. On differentiation, there is a switch to the late promoter which is not repressed by E2, resulting in increased E1 and E2 expression leading to viral DNA amplification (83) . E2 may also form a complex with C/EBP transcription factors, which regulate many promoters of genes involved in differentiation (55) .
Aside from its role in the regulation of transcription, overexpression of the E2 protein can induce apoptosis by a p53-independent mechanism (34, 52) . Also, overexpression of E2 in HeLa cells was demonstrated to cause accumulation of p53 but not transcription of downstream genes like Bax. E6 overexpression in this system was unable to block the resultant apoptosis (30) . Furthermore, in HeLa cells, introduction of heterologous expression vectors for E2 results in a suppression of transcription of the endogenous E6 and E7 genes, leading to senescence (51) . This indicates that the continued expression of E6 and E7 is required to maintain the transformed phenotype of cervical cancer cells (51, 154) .
E1^E4 AND E5 LATE PROTEINS
The HPV E4 and E5 ORFs are expressed during the early phases of the viral life cycle but only as the third and fourth ORFs on polycistronic transcripts. Since HPVs are thought to use a leaky ribosome-scanning mechanism to translate proteins from polycistronic mRNAs, little if any E4 or E5 protein is likely to be synthesized from these transcripts (125) . In contrast, on epithelial-cell differentiation, E4 and E5 are expressed as the first and second ORFs of late transcripts. It is therefore likely that these proteins are synthesized primarily in the late phases of the HPV life cycle, with E4 being the most highly expressed of all HPV proteins (63) . The E4 ORF is translated from spliced transcripts as a fusion with the first 5 amino acids of E1 to generate E1^E4 fusion proteins. The E4 ORF lacks an initiator AUG codon and uses the E1 sequence for translation initiation (63) . All papillomaviruses express E1^E4 proteins in the late phase of the viral life cycle but have only limited sequence homology. E1^E4 proteins from the highrisk types associate with keratin networks in cells and, when overexpressed in transient-transfection assays, can induce their collapse (32) . This suggests a role for E1^E4 in facilitating viral egress, but in natural infections of high-risk types only a limited amount of collapse has been observed. High-risk HPV E4 proteins may also play a role in regulating gene expression, since they interact with an RNA helicase, E4-DBD, which is a member of a helicase family involved in mRNA splicing, transport as well as initiation of translation (158) . It has further been shown that overexpression of HPV-11 and HPV-16 E1^E4 induces a G 2 arrest in a variety of cell types (24) . It is not clear what role E1^E4-induced cell cycle arrest plays in the productive life cycle, but it may be to counteract the effects of E7, which acts to push cells into the S phase (12, 41) . Further study of the role of the E1^E4 proteins in the natural context of the complete viral genome should help to elucidate its normal function.
The HPV E5 proteins are small hydrophobic proteins whose functions remain unresolved. These proteins are localized to endosomal membranes and the Golgi but on occasion are found in the cellular membranes (19) . In bovine papillomaviruses (BPVs), the E5 protein encodes the primary transforming activity and acts by associating with the platelet-derived growth factor (PDGF) receptor (133) . The HPV E5 proteins have little homology to their BPV counterparts and probably act through different cellular targets. It has been suggested that HPV E5 action binds the epidermal growth factor (EGF) receptor and that it functions in a manner similar to BPV E5 and the PDGF receptor. This is based in part on the observation that overexpression of HPV E5 increases the phosphorylation of the EGF receptor as well as inhibits the degradation of the receptor (19, 127, 140, 141) . Furthermore, the addition of EGF to HFKs expressing E5 alone results in increased proliferation (22) . HPV E5 is likely to be expressed primarily during the late phase of the life cycle in differentiated epithelial cells. In the context of the entire HPV-31 genome, E5 was shown to only minimally influence the levels and phosphorylation status of the EGF receptor in both differentiated and undifferentiated cells (40) . In addition, loss of E5 resulted in impaired activation of late viral functions in differentiating cells, suggesting that its primary activity is in differentiated cells (40) .
CONCLUSIONS AND FUTURE DIRECTIONS
Our understanding of the pathogenesis of HPVs is growing rapidly. Many of the cellular targets of the high-risk E6 and E7 proteins have been identified. However, it remains important to ensure that each of these interactions represents a physiologically significant association. In contrast to the high-risk proteins, little is known about the action of the low-risk E6 and E7 proteins, since they clearly must play important roles in the viral life cycle, and this remains a useful area for study. Equally important are structural analyses of the E6 and E7 proteins either by themselves or in combination with their substrates. Such information would help to elucidate their mechanisms of action and would provide important insights that could be applied to rational drug design. The crystal structures of the viral replication proteins E1 and E2 have yielded significant insights into the action of these factors. Similarly, studies of the molecular interactions of these proteins between themselves and cellular replication proteins at origins have provided useful information about basic mechanisms of replication control. Further investigation into the other activities that these proteins mediate in viral pathogenesis, such as their roles in plasmid segregation and chromatin remodeling, is required. The function of the E4 and E5 proteins is also an area of active study and appears to center on modulating the late phase of the viral life cycle.
The differentiation-dependent HPV life cycle has been difficult to study in the past due to the lack of genetic systems and methods to differentiate epithelial cells efficiently in tissue culture. Techniques have now been developed to allow such analyses to be readily performed (47, 105) . It is important that the activities of viral proteins be examined in their proper physiological contexts in complete viral genomes rather than relying 368 LONGWORTH AND LAIMINS MICROBIOL. MOL. BIOL. REV.
on February 21, 2013 by PENN STATE UNIV http://mmbr.asm.org/ on analyses involving overexpression assays in heterologous cell types. Another major area for investigation will be the examination of the mechanisms and factors that mediate viral entry. The tools and methods are now available to address this important question, which will provide insights into viral tropism. An equally important area for investigation is the analysis of the innate and cellular immune responses to HPV infection. The lack of a good mouse model for HPV infection has hampered these studies, but these questions remain highly important and need to be addressed. Equally important as the investigation into the basic mechanisms of HPV pathogenesis is the development of effective therapeutics to treat or prevent HPV-induced disease. A significant advance in this area has been made through the use of virus-like particle-based vaccines (85) . Initial studies suggest that this vaccine will be effective in blocking initial infection, and it is anticipated that it will prevent the development of HPV-induced malignancies. While this seems likely, cervical cancers arise from single transformed cells, and it will be important to demonstrate the effectiveness of the vaccine in this process. At the same time, it is unlikely that the vaccine will benefit individuals already infected with HPV. The identification of drugs specifically to treat HPV infection has not been highly successful due to the complexities of the HPV life cycle and the limited number of enzymatic activities identified for HPV proteins. The development of drug treatments for existing HPV disease is an important undertaking that deserves further attention. In this regard, the development of therapeutic vaccines is a promising area of investigation and needs to be further supported. In summary, much has been accomplished in expanding our knowledge of this important human pathogen but, clearly, more needs to be done.
